: Structure of the crust and mantle down to 700 km depth beneath the East Qaidam basin and Qilian Shan from P and S receiver functions.
S U M M A R Y
For a period of about 1 yr between the summers of 2010 and 2011, 25 broad-band seismographs were deployed in a roughly linear array across the eastern end of the Qaidam basin and the Qilian Shan in the northeastern Tibetan plateau. This region is probably the most suitable place to study the ongoing convergence interaction between the high Tibetan plateau and the main Asian continental plate. Low-frequency P receiver function analysis of the data provides an image of the crust and mantle down to 700 km depth. In addition to the Moho at 45-65 km depth beneath the profile, the 410 and 660 km discontinuities bounding the mantle transition zone can be identified at 400-410 and 650-660 km depths, respectively. A possible increase in temperature in the upper mantle thought to exist beneath the northern part of the high Tibetan plateau is thus confined to this part of the plateau and lower upper-mantle temperatures similar to those beneath southern Tibet occur beneath the Qaidam basin and Qilian Shan. When higher frequencies are included in the P receiver function analysis, a positive Ps converter dipping down to the south from 70-75 km depth at 37.9
• N to about 110 km depth at 36 • N is imaged. As this feature is only seen in high-frequency images and not in the low-frequency image, it is modelled as the positive Ps conversion from the base of an approximately 5-km-thick anisotropic layer at the top of the Asian mantle lithosphere which is currently subducting. This south-dipping converter continues to the south on the INDEPTH IV profile. S receiver function analysis completes the image of the structure below the Qilian Shan profile with the identification of the lithosphere-asthenosphere boundary (LAB). The LAB of the Asian Plate is identified for a reference slowness of 6.4 s deg -1 at 12-14 s (105-125 km depth) between 38 and 41
• N below the northern part of the S receiver function profile. To the south it increases in depth such that it is at about 19 s (170 km depth) between 34 and 35 • N at the southern end of the profile. The LAB of the Asian Plate occurs at similar depths on the INDEPTH IV profile at the latitudes where the INDEPTH IV and Qilian Shan profiles overlap. As on the INDEPTH IV profile to the south, between 34 and 35 • N at the southern end of the Qilian Shan profile there is evidence from the S receiver functions for the LAB of a separate Tibetan Plate. Hetzel (2013) . The full white line marks the position of the section onto which the images of the P receiver functions shown in later figures were projected. The S receiver function image is along the same profile but extends about an extra 1.5 • both to the south and north. The dashed white lines mark the locations of previously completed seismic profiles including the INDEPTH IV profile (A, Zhao et al. 2011) , the Tarim basin -Qaidam basin -Sichuan basin profile (B, Wang et al. 2013) , the Golmud -Ejin Qi profile (C, Cui et al. 1995; Gao et al. 1995) and a short profile crossing the North Kunlun Thrust in the southeast corner of the Qaidam basin (D, Shi et al. 2009). the Tibetan plateau mainly to the south over the past 20 yr and thus have provided images beneath the plateau down to about 700 km depth (e.g. Kosarev et al. 1999; Kind et al. 2002; Vergne et al. 2002; Wittlinger et al. 2004 Wittlinger et al. , 2009 Nábělek et al. 2009; Shi et al. 2009; Zhao et al. 2010 Zhao et al. , 2011 . Recently, Yue et al. (2012) presented P and S receiver function images for the northeastern Tibetan plateau. The northern part of one of the profiles of Yue et al. (2012) ran along the same profile as that described here, but was based on about half the number of stations as that which have been used in this study. It is the aim of this study to present more detailed P and S receiver function images along this traverse based on a denser station spacing.
The Qilian Shan comprises deformed early Palaeozoic arcs which formed at the southern margin of the North China Plate (Yin & Harrison 2000) . Collision between the Eastern Kunlun-Qaidam terrane and the Qilian Shan occurred in the Late Devonian along the South Qilian suture. The Cenozoic Nan Shan thrust belt at the NE edge of the Tibet plateau marks the eastern termination of the Altyn Tagh fault system (e.g. Meyer et al. 1998; Yin & Harrison 2000) . 340 km of shortening across the southwest-dipping thrust belt in the Cenozoic has been deduced from the amount of left-lateral slip along the Altyn Tagh fault (Yin & Harrison 2000) . Alternatively, using Late Mesozoic and Neogene horizons as markers, 100-200 km of Cenozoic shortening has been derived for the region between the northern edge of the Qilian Shan and the Kunlun fault (Meyer et al. 1998) . Meyer et al. (1998) further propose that the Cenozoic deformation in the region is the result of thick-skinned tectonics above a décollement dipping slightly southwestwards in the middle to lower crust and which effectively decouples the crust from the upper mantle. Hetzel (2013) deduced from the decrease in the rate of erosion in the hanging wall of the Qilian Shan frontal thrust that the listric thrust fault flattens at depth and soles into a basal detachment. Geological studies document active NNE-SSW directed crustal shortening along the thrust faults at the northeastern margin of the Qilian Shan at a rate of 1-2 mm yr −1 over the past 10 Ma (e.g. Zheng et al. 2010; Hetzel 2013 and references therein). The present-day geodetic rate of NNE-SSW directed crustal shortening across the Qilian Shan is 5.5 ± 1.5 mm yr −1 (Zhang et al. 2004) .
The predominantly north-dipping contractional structures of the North Qaidam thrust system along the northern margin of the Qaidam basin, and thus more or less along the site of the Palaeozoic South Qilian suture, started to develop in the Palaeocene to early Eocene at about 65-50 Ma (Yin et al. 2008) . At about the same time, sedimentation started throughout the whole of the Qaidam basin (Yin et al. 2008) . On the other hand, the contractional deformation structures along the southern margin of the basin did not begin until the late Oligocene at about 29-24 Ma, which is about the same time as the start of the uplift of the eastern Kunlun range south of the Qaidam basin (Yin et al. 2008) . Yin et al. (2008) propose that the Qaidam basin has formed above a thick-skinned thrust belt involving the lower crust.
P RO C E S S I N G A N D I M A G I N G
The theoretical background of the P receiver function technique used to analyze the waveforms has been described in many publications (see e.g. Vinnik 1977; Langston 1979; Owens et al. 1984; Ammon et al. 1990; Kind et al. 1995; Yuan et al. 1997) . In this study, the data were recorded continuously at 100 Hz, except for one station in 2011, when data were recorded continuously at 50 Hz. From the U.S. Geological Survey global earthquake catalogue, 243 teleseismic events with epicentral distances ranging from 30
• to 95
• and magnitudes greater than 5.5 were selected (Fig. 2) . Most of these events occur to the east of the array. The data for these events were extracted from the continuous data recordings and were processed for the P receiver function analysis. In doing so, the Computer Programs in Seismology package by Herrmann & Ammon (2002) was partly utilized. Processing steps included low-pass filtering at 5, 2.5 or 1.33 s and rotation from the coordinate system (vertical, NS horizontal, EW horizontal) in which the data were recorded to a ray-based (P, SV, SH or L, Q, T) coordinate system. The rotation angles were obtained from the covariance matrix of the P wave group (Kind et al. 1995) . In doing so, the best angle of incidence minimizes the P wave energy on the SV component (Kumar et al. 2006) . The next step was an iterative time domain deconvolution of the SV component by the P component. Following the deconvolution each individual receiver function was visually inspected and traces with no obvious P to S (Ps) conversion at the Moho or with strong low-frequency oscillations were omitted, which resulted in 1647 suitable P receiver functions. For summation of many traces in the time domain, a distance moveout correction with respect to a reference epicentral distance of 67
• (reference slowness of 6.4 s deg -1 ) was performed (Yuan et al. 1997) , using a simplified version of the IASP91 velocity model (Kennett & Engdahl 1991) , with the Moho at 60 km depth. The S receiver function processing has been done in a very similar way to the P receiver function processing. One significant difference is that the L and Q components are exchanged. Further, in the case of the S receiver function processing a low-pass filter of 4 s was used. Finally, when doing the rotation to the LQT coordinate system for the S receiver functions, the optimum incidence angle was determined using a grid search to identify where the SV energy is a minimum on the P component (Kumar et al. 2006) . For the S receiver function analysis in this study, 513 traces including S and SKS phases were utilized. The primary conversions in P receiver functions are in the coda of the P phase, whereas they are precursors of the S phase in S receiver functions. This marks an important difference between P and S receiver functions, in that multiples are clearly separated from primary conversions in S receiver functions, whereas they are mixed in P receiver functions (Kind et al. 2012) . This makes it necessary in P receiver function analyses to try to separate primaries and multiples by, for example, their different slownesses.
Examples of P receiver functions obtained for the stations TJNEW and YK near the middle of the profile (Fig. 1 ) are presented (Fig. 3) . The most prominent signal in both examples is the positive Ps conversion, indicating a velocity increase with depth, at 6.5-8 s. It can be recognized on many individual traces and is especially prominent in the summed trace at the top. It represents the conversion from the Moho which would then imply a crustal thickness of 52-65 km. Additionally, two other signals can be recognized especially in the example for station TJNEW (Fig. 3a) . The first occurs at about 18 s and the second at 43-44 s. Both signals can be observed on individual traces as well as in the summed trace at the top. The first is probably a primary conversion and not a multiple. It could come from a boundary at about 180 km depth, which is the depth at which the Lehmann discontinuity is frequently found (Lehmann 1959 (Lehmann , 1961 . However, the fact that it is not observed in the stacked or migrated sections (e.g. Fig. 4 ) could also mean that it is just due to some local structural effect. With regard to the question of whether this signal could be a multiple, suffice it to state that it is about 8.5 s too early to be a Moho multiple. The second signal could be the primary conversion from the 410 km discontinuity. The Ps conversion time from this discontinuity for the IASP91 reference earth model (Kennett & Engdahl 1991 ) is 44.1 s (Yuan et al. 1997) .
A plot of the first 40 s of all P receiver functions, stacked in 0.1
• latitude bins according to the latitude of the piercing point at the Moho at 60 km depth is presented (Fig. 4) . Apart from the energy in the first 2 s, the most prominent signals in these traces are the Ps conversions from the Moho at 6-8 s delay time. A stack of the first 30 s of the S receiver functions (Fig. 5) shows basically four prominent signals. The first signal, a negative conversion, is from within the crust. The second signal, a positive conversion, is from the Moho. The S to P (Sp) conversion time corresponds well with that from the P receiver functions. The third signal (solid green line in Fig. 5 ), a negative conversion, only occurs between 34 and 35
• N at the southern end of the profile, at 12-13 s delay time, corresponding to about 105-115 km depth. A negative conversion from a depth of about 105 km was identified as far north as about 34.5 • N beneath the Lhasa to Golmud traverse including the INDEPTH IV profile (A in Fig. 1 and Zhao et al. 2011) , about 300 km to the west of the profile described here. Zhao et al. (2011) interpreted the negative conversion from about 105 km depth to arise from the lithosphere-asthenosphere boundary (LAB) of a separate Tibetan Plate that exists beneath the high Tibetan plateau essentially between the northern margin of Indian lithospheric mantle to the south and the southern margin of the Qaidam basin to the north. Thus the signal from about 105-115 km depth beneath the profile presented here is also thought to derive from the same boundary. The fourth signal (solid blue line in Fig. 5 ), also a negative phase, occurs at around 19 s delay time (about 170 km depth) between 34 and 35
• N at the southern end of the profile and then rises towards the north to about 12-14 s delay time (105-125 km depth) north of 38
• N. Again, below the Lhasa to Golmud traverse including the INDEPTH IV profile about 300 km to the west, Zhao et al. (2011) identified a negative conversion from about 165-170 km depth at [34] [35] • N rising to about 130 km depth at 37-38
• N and interpreted it to represent the conversion from the LAB of the Asian Plate. Thus the fourth signal (solid blue line in Fig. 5 ) identified below the profile presented here is also thought to represent the LAB of the Asian Plate.
Stacking the time window from 30 to 70 s in 0.1
• latitude bins according to the piercing point at 520 km depth, one can recognize both the conversions from the 410 km discontinuity at 43-44 s and the 660 km discontinuity at about 68 s, especially in the summed trace at the top (Fig. 6) . As above, a simplified version of the IASP91 velocity model (Kennett & Engdahl 1991) , with the Moho at 60 km depth was utilized in calculating the piercing point at 520 km depth. Looking at Figs 4-6 one can see that the Moho and the 660 km discontinuity are the clearest discontinuities. The 410 km discontinuity is only clearly visible between 37 and 38.5
• N (Fig. 6 ). Between about 9 and 20 s a broad range of negative signals can be observed (Fig. 4) which are most coherent in the S receiver functions (Fig. 5) , in which the primary conversions and multiples are separated. A broad range of positive signals appears between 20 and 27 s (Fig. 4) , which are typical times for crustal multiples. Two techniques have been utilized for time to depth migration of the P receiver functions. The first is the method of backward propagation along the ray (Yuan 2000) . In constructing the depth domain stack (Fig. 7) , the same simplified version of the IASP91 velocity model (Kennett & Engdahl 1991) as was used above, with the Moho at 60 km depth was employed. In the depth domain stack, the Moho can be seen at about 50 km depth, except right at the southern end of the profile where it deepens abruptly to more than 70 km. Beneath the southern half of the profile the 410 km discontinuity can be seen at 400-410 km. North of 38
• N the signal fades and then reappears in a more complicated fashion at the northern end of the profile. The 660 km discontinuity can be recognized at about 660 km depth. A band of negative phases between the Moho and 150 km depth occurs. The band of positive phases between 180 and 250 km depth are probably multiples.
The second migration technique (Fig. 8) is the single point scatterer method (Sheehan et al. 2000) . In contrast to the method of backward propagation along the ray, in the single point scatterer method points in the medium that occur off the ray are considered as possible sources of the energy seen in the data. Again, the same simplified version of the IASP91 velocity model (Kennett & Engdahl 1991) as was used above, with the Moho at 60 km depth was utilized. The Moho at depths varying between 45 and 65 km can be seen. At the south end of the profile the Moho rises rapidly but steadily from about 65 km depth to 55 km depth. Between about 36.6 and 36.9
• N the Moho from the south seems to underthrust the Moho from the north with the Moho from the south dipping down to about 65 km and the Moho from the north rising up to around 45 km. The Moho from the north then occurs at about 60-65 km depth between about 37.1 and 37.5
• N. North of 37.5
• N the Moho occurs again at about 55 km depth with a slight shallowing to about 50 km depth at the northern end of the profile. A migration excluding the offline stations still shows the complication in the Moho between about 36.6 and 36.9
• N. If the Moho from the south does underthrust the Moho from the north between 36.6 and 36.9
• N, then one might have expected to see a negative Ps conversion between the two positive conversions where the mantle at the base of the overthrusting unit is in contact with the crust at the top of the underthrusting unit. It is not clear why such a phase is not more obvious in the observed data, although there is a break between the two positive conversions. The 410 and 660 km discontinuities can best be recognized beneath the central part of the profile at 400-410 and 650-660 km depths, respectively. Again a band of negative phases between 100 and 150 km depth occurs. The band of positive phases between 180 and 230 km depth is not as coherent as in the analysis using the first migration technique (Fig. 7) . The comparison of the results from the two time to depth migration methods (Figs 7 and 8) shows that the Moho and 660 km discontinuity are stable in both techniques, whereas other phases (crustal multiples and 410 km discontinuity) agree much less and are therefore less reliable.
The P receiver functions were also processed using higher frequencies, in which the low-pass cut-off was set to 2.5 s instead of 5 s. In this case 1265 traces were of high enough quality to be employed. A migration down to 200 km depth is presented (Fig. 9a) using the single point scatterer method (Sheehan et al. 2000) and the same simplified version of the IASP91 velocity model (Kennett & Engdahl 1991) as was used above, with the Moho at 60 km depth. At the southern end of the profile the change in crustal thickness from 65 to 55 km may be more abrupt than suggested by the longer period data (Fig. 8) . Again between about 36.6 and 36.9
• N in this migration image, the Moho from the south seems to underthrust the Moho from the north. However, this image seems to be more complicated than the longer period image (Fig. 8) in that the upper boundary at about 45 km depth seems to be more detached from the lower boundary at about 65 km depth. One could envisage from this image that the upper boundary represents the top of a laterally restricted high velocity body, for example a mafic igneous intrusion, at the base of the crust in this region. The band of negative phases at 100-150 km depth observed in the migration using lower frequencies (Fig. 8 ) also seems to be more complicated in the migration using higher frequencies (Fig. 9a) , in that positive phases now appear at these depth ranges in addition to the negative phases. Perhaps the most intriguing feature in this depth range is the possible structure composed of four parts dipping down to the south from about 80 km depth at 37.75
• N to around 110 km depth at 36
• N near the southern end of the profile. About 20 km deeper, a similar structure occurs. A migration of the transverse (T) component (Fig. 9b ) also shows structures dipping down to the south in approximately the same depth range in the uppermost mantle. A further migration ( image just discussed (Fig. 9a ). In particular, the possible southdipping structure is also present, but here with somewhat greater extent from about 70-75 km depth at 37.9
• N.
D I S C U S S I O N
Based on about half the number of stations as that used in this study, Yue et al. (2012) also derived P and S receiver function images along the same profile. Yue et al. (2012) also obtained Moho depths varying between 50 and 65 km along the profile. However, the Moho image obtained in this study is more continuous and smooth than in fig. 5 of Yue et al. (2012) . A comparison between Moho depths obtained from this study and those from the wide-angle reflection/refraction profile from the Tarim basin via the Qaidam basin to the Sichuan basin (B in Fig. 1 and Wang et al. 2013) shows that at the point of intersection at about 36
• N a Moho depth of 55-60 km is obtained by Wang et al. (2013) Fig. 1 and Cui et al. 1995; Gao et al. 1995) which crosses the Qilian Shan about 200 km to the WNW of this study, maximum Moho depths of 75-80 km were obtained beneath the south Qilian Shan. These values are considerably greater than those obtained in this study and at face value indicate that there is a significant increase in crustal thickness beneath the south Qilian Shan along strike to the WNW of this study. The increase in crustal thickness towards the WNW along the Qilian Shan can be explained by a higher shortening rate and thus presumably a larger amount of total shortening in the western Qilian Shan compared to the central and eastern parts of this fold and thrust belt (Hetzel et al. 2004) . The double phase at the base of the crust between 36.6 and 36.9
• N is reminiscent of a similar feature beneath southern Tibet, where a prominent converter about 20 km above the Moho converter has been identified (e.g. Yuan et al. 1997; Kind et al. 2002; Nábělek et al. 2009 ). In the models of Yuan et al. (1997) for the data from the INDEPTH project and the permanent station at Lhasa, the basal crustal layer between the converters has average shear wave velocities ranging from 4.0 to 4.3 km s −1 , which are typical of lower crustal material.
At the south end of the profile there is a rapid southwards increase of Moho depths from 55 to 65 km (Figs 8-10 ). The shorter period images (Figs 9 and 10) suggest a more abrupt change than the longer period image (Fig. 8) . A previous experiment (D in Fig. 1 and Shi et al. 2009 ) whose coverage at the Moho extended further south than this study also showed an abrupt change in Moho depths of about 10 km directly beneath the North Kunlun thrust (NKT). However, neither the images presented in this study nor the image presented by Shi et al. (2009) difference between the images at the south end of the Qilian Shan profile and the north end of the INDEPTH IV profile. The images at the north end of the INDEPTH IV profile (Karplus et al. 2011) show a Moho overlap for 20-25 km with an abrupt termination of the deeper Moho to the north and the shallower Moho to the south.
In so far as the shallowest Moho occurs north of the Qilian Shan at the north end of the profile and under the Qaidam basin and the deepest Moho occurs beneath the Kunlun mountains at the south end of the profile, it can be stated that the Moho depths show an anticorrelation with topography (Fig. 11) . If the Moho were a little deeper beneath the central Qilian Shan this correlation would be even more convincing. There is also a correlation between Moho structure and some of the major tectonic boundaries with changes of dip of the Moho near the North Kunlun thrust (NKT) and South Qilian suture (SQS) or North Qaidam thrust (NQT). Perhaps the best correlation is how the Moho structure seems to mimic the northwards underthrusting of the Qaidam basin beneath the Qilian Shan at the surface at the SQS or NQT.
Despite the fact that the Lhasa to Golmud traverse, including the INDEPTH IV profile, and the Qilian Shan profile are separated by about 300 km, it is attractive to envisage that the four-part structure dipping down to the south from 70-80 km depth at 37. 8-37.9 • N to around 110 km depth at 36
• N beneath the Qilian Shan profile can be correlated with the positive phase dipping slightly southwards from about 105 km depth at 36.7
• N to about 210 km depth at 33.4
• N along the Lhasa to Golmud traverse (Kind et al. 2002) the INDEPTH IV profile . The two phases occur at approximately the same depth over the latitude range where the two profiles overlap. If this phase is correlated with the top of the presently subducting Asian Plate or lithospheric mantle (ALM) as was previously suggested by Kind et al. (2002) and Zhao et al. (2011) , then the top of the currently subducting ALM can now be traced to the north to 70-80 km depth at 37.8-37.9
• N. If this structure continues up to the north, then it could meet the Moho at the position where the southern edge of the Gobi-Alashan platform underthrusting the Qilian Shan from the north has been postulated to occur (Fig. 11 and Meyer et al. 1998; Yin & Harrison 2000) . This would then define the mantle suture (the point where the southdipping structure representing the top of the currently subducting ALM meets the Moho in Fig. 11d ) at the northeast edge of the Tibetan plateau, as being some 100 km south of the surface trace of the Qilian Shan frontal thrust. This distance is comparable to the distance of the Pamir seismic zone, which more or less marks the position of the mantle suture in the Pamir, from the surface trace of the Main Pamir thrust at the northern edge of the Pamir (Mechie et al. 2012; Schneider et al. 2013; Sippl et al. 2013a,b) .
In an attempt to explain why the four-part south-dipping structure is only seen in high-frequency receiver functions and not in low-frequency receiver functions, modelling of this feature was undertaken. One way of possibly producing the desired effect would be a thin layer, for example a shear zone, with anisotropy in it. As an example, a 5-km-thick anisotropic layer embedded in otherwise isotropic mantle peridotite was considered. A model was made in which the layer dips down at 10.5
• towards N205
• E, similar to the observed data (Fig. 9a ). In the model the anisotropy is parallel to the top and bottom of the layer with the a-axis of 90 per cent of the olivine in the rock oriented along the dip direction and the b-axis oriented at right angles horizontally along the strike direction. In this case the 5-km-thick layer is essentially a low velocity layer with a negative Ps conversion from the top of the layer and a positive Ps conversion from the base of the layer. Synthetic seismograms were calculated using the ray-theoretical method for anisotropic media (Červený et al. 1977) and then the resultant seismograms were processed in a similar manner as the observed data. Synthetic seismograms and receiver functions were calculated for sources from five backazimuths (45
• , 75
• , 115
• , 140
• and 175 • ) for which data exist (Fig. 3) recorded at an array of 11 stations spaced 10 km apart. The depth to the top of the 5-km-thick anisotropic layer is 105 km beneath the middle of the 11 station array. Migration images down to 150 km depth for the synthetic Q and T components (Fig. 11b) for frequencies up to 0.4 Hz derived by the single point scatterer method (Sheehan et al. 2000) are presented. With respect to the Q component (Fig. 11b, left) , the positive Ps conversion from the base of the anisotropic layer has on average 30-50 per cent of the strength of the Ps conversion from the Moho. This is the same as the observed data. It is not clear why the negative Ps conversion from the top of the anisotropic layer is not so visible in the observed data, although hints of it may be seen in the migration using the highest frequencies (Fig. 10) . Here, three blue patches just above the line joining the two black arrows may indicate the presence of the negative Ps conversion from the top of the anisotropic layer. The synthetic T component (Fig. 11b, right) also shows a Ps conversion from the top and bottom of the anisotropic layer but with reversed polarity and 360
• periodicity rather than 180
• periodicity. The reversed polarity is due to the waves from the five considered backazimuths always arriving at the stations at smaller apparent backazimuths than the true backazimuths. This is the case for all events having a backazimuth between 25
• and 205
• , assuming a (Sheehan et al. 2000) . The images are derived from a model with a 55-km-thick crust overlying mantle in which a 5-km-thick anisotropic layer dipping at 10.5 • down towards N205 • E is embedded. The angle of incidence of the P wave just below the Moho is about 27 • . Each plot is normalized to the largest positive and negative amplitude. Triangles along the top mark the station locations. (c) Synthetic Q component receiver functions for a 55-km-thick crust overlying mantle in which a 5-or 10-km-thick anisotropic layer between 105 and 110 or 115 km depth is embedded. The backazimuth is N75 • E which is approximately the dominant azimuth in the observed data (Fig. 3) . The angle of incidence of the P wave just below the Moho is about 27 • . Traces 1 and 2 are for frequencies up to 0.4 Hz and a 5-km-thick anisotropic layer. Trace 1 has been calculated with the ray-theoretical method (Červený et al. 1977) and trace 2 has been calculated with the reflectivity method (Booth & Crampin 1983; Nolte et al. 1992) . • E. Note that in the observed data there are only very few events from western backazimuths. The 360
• periodicity is due to the dipping layer and dipping anisotropy. Under such conditions a 360
• periodicity can be observed rather than the standard 180
• periodicity usually observed when anisotropy is present (Frederiksen & Bostock 2000; Schulte-Pelkum & Mahan 2014) . In the observed data no evidence for a polarity change, and thus for a 180
• periodicity, was found when separate migrations of the T components for the backazimuths between 25
• and 115
• and between 115
• were carried out. Again, it is not clear why positive Ps conversions (red colours) seem to predominate between the two black arrows in the migration of the T components (Fig. 9b) where, according to the synthetics, negative Ps conversions should occur.
To study the effects of layer thickness on the receiver functions, synthetic seismograms were calculated using the reflectivity method for anisotropic media (Booth & Crampin 1983; Nolte et al. 1992) and then the resultant seismograms were again processed in a similar manner as the observed data. For this exercise flat layering had to be assumed. The results show that the 5-km-thick anisotropic layer does not act as a thin layer for frequencies of about 0.4 Hz as the strength of the Ps conversions from the anisotropic layer with respect to that from the Moho is similar for both the trace calculated using the ray-theoretical method (Fig. 11c , trace 1) and that calculated using the reflectivity method (Fig. 11c, trace 2) . However, if the traces calculated using the reflectivity method are low-pass filtered at 0.2 Hz (see e.g. Fig. 11c , trace 3) then the ratio of the Ps conversions from the anisotropic layer to that from the Moho is only about 50 per cent of the ratio for the traces low-pass filtered at 0.4 Hz. Thus, in low frequency migrations up to 0.2 Hz, the conversions from the 5-km-thick anisotropic layer might not be seen above the noise in the section. In contrast, if the layer is 10 km thick then, with a low-pass filter of 0.2 Hz (see e.g. Fig. 11c , trace 4), the ratio of the Ps conversions from the anisotropic layer to that from the Moho is almost as large as the ratio for a 5-km-thick anisotropic layer when the traces are low-pass filtered at 0.4 Hz. Thus, for a 10-km-thick anisotropic layer, one could expect to see Ps conversions from the layer even in the low-frequency migration. As this is not the case, a 10-km-thick anisotropic layer would seem to be too thick. The reason why the top of the ALM was recognized in low-frequency receiver functions along the INDEPTH IV profile is that south of the Kunlun mountains the ALM is thought to be overlain by lower velocity Tibetan asthenospheric mantle beneath the high Tibet plateau Mechie & Kind 2013) . The four-part south-dipping feature may represent the base of an approximately 5-km-thick anisotropic layer at the top of the ALM beneath the Qilian Shan profile. The parallel, south-dipping feature about 20 km deeper (Figs 9 and 10) may also be caused by such an anisotropic layer. During mechanical deformation the a-axis of olivine is oriented in the flow direction (Nicolas et al. 1971) which, in this case, is about N25
• E. Note that the effect of even two 5-kmthick layers on shear wave splitting observations will be negligible as the layers are only 5 km thick. Thus the fact that the orientation of the a-axis of olivine in this layer is almost at right-angles to the fast direction and thus the orientation of the a axis of olivine derived by shear wave splitting analyses (León Soto et al. 2012; Zhang et al. 2012) , is thought to be unimportant.
With the linear array geometry of the deployment used in this study, it is not easy to identify effects out of the plane of the profile. Thus it is possible that the four-part south-dipping structure in the uppermost mantle is due to out of plane high-frequency scatterers. It is also possible that the structure represents a multiple of an unidentified intracrustal converter. In this case, it should be noted that the intracrustal converter would have to be due to a thin layer or else the multiple should have been observed in the low-frequency migration.
The mantle suture (the point where the south-dipping structure representing the top of the currently subducting ALM meets the Moho in Fig. 11d ) represents a point of decoupling between the crust and mantle at the northeast edge of the Tibetan plateau. There are probably also other decoupling zones in the crust. Following Yin & Harrison (2000) such a zone is indicated in the middle crust beneath the Qilian Shan (Fig. 11d ) and other researchers, for example Meyer et al. (1998) and Hetzel (2013) have also concluded that such flatlying detachment zones in the crust beneath the Qilian Shan exist.
S receiver functions have the advantage over P receiver functions in that the multiples do not interfere with the Sp conversions. From S receiver function analysis, Zhang et al. (2012) obtained depths to the LAB of 150-160 km for the region along the profile across the Qilian Shan. Also from S receiver function analysis Yue et al. (2012) obtained depths to the LAB of about 130 km along the profile across the Qilian Shan. The values of Zhang et al. (2012) are significantly larger than the values derived in this study for the LAB below the Qilian Shan. The values of Yue et al. (2012) remain more or less constant between 35
• N and 38.5
• N and thus are more consistent with the values derived in this study for the LAB of the Asian Plate beneath the northern part of the profile and for the LAB of the separate Tibetan Plate under the southern end of the profile.
From the discussion above, the question remains what the uppermost mantle is, beneath the Qaidam basin and Qilian Shan above the feature identified as the top of the ALM. It seems that three possibilities exist. The first is that it is the northward extension of the Tibetan Plate. The second is that it is Asian lithosphere now being underthrusted by more northerly Asian lithosphere. The third is that it is not related either to Asian lithosphere or the Tibetan Plate. What perhaps speaks against the first possibility is the sharp change in properties, for example Pn velocities (Liang & Song 2006) , that occurs as the Kunlun mountains are crossed. This was one of the main reasons why Mechie & Kind (2013) favoured the second possibility and interpreted the mantle beneath the Qaidam basin and Qilian Shan north of the major crustal thickness transition from about 70 km beneath the high Tibetan plateau to about 50 km beneath the Qaidam basin to be of Asian origin. The four-part south-dipping feature beneath the Qilian Shan profile would then mark the top of the presently subducting ALM.
With respect to the 410 and 660 km discontinuities, Yue et al. (2012) do not show any image of these discontinuities north of 36
• N, and thus the image presented here extends previous images to the north along the profile. At about 36
• N, Yue et al. (2012) show the discontinuities at about 420 and 660 km depth, respectively. To the west, along the Lhasa to Golmud traverse which encompasses the INDEPTH IV profile, the 410 and 660 km discontinuities occur at apparently 20 km greater depth beneath the northern part of the high plateau south of the Kunlun mountains than beneath the southern plateau (Kind et al. 2002; Zhao et al. 2011; Yue et al. 2012) . This apparent deepening of the 410 and 660 km discontinuities can be explained by a northward decrease in average shear wave velocity in the upper mantle due to a northward increase in average temperature of about 300
• C (Kind et al. 2002) . Right at the northern end of the Lhasa to Golmud traverse, including the INDEPTH IV profile, there is an indication that both the 410 and 660 km discontinuities apparently shallow again (Kind et al. 2002; Yue et al. 2012) . The depths of the mantle transition zone discontinuities of 400-410 km and 650-660 km, respectively derived in this study (Fig. 8 ) are more consistent with the depths of these discontinuities beneath southern at Bibliothek des Wissenschaftsparks Albert Einstein on October 17, 2014 http://gji.oxfordjournals.org/
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Tibet (see e.g. Kind et al. 2002) . Thus it would appear that the possible increase in temperature in the upper mantle only occurs beneath the northern part of the high plateau and that lower uppermantle temperatures are again encountered below the Qaidam basin and Qilian Shan.
C O N C L U S I O N S
Seismic imaging using P and S receiver functions along a profile across the eastern end of the Qaidam basin and the Qilian Shan reveals crustal thicknesses of 45-65 km beneath the profile. There is a general anticorrelation between crustal thickness and topography, and changes in Moho depths and dip directions often occur beneath major surface structures. For example, at the southern end of the profile, crustal thickness decreases abruptly from 65 to 55 km below the North Kunlun thrust (NKT) and corresponding with the elevation decrease from the high plateau to the south to the Qaidam basin to the north. A prominent double phase at 45-65 km depth occurs at 36. 6-36.9 • N, beneath the South Qilian suture (SQS). However, it is not clear if or how the SQS extends down to the deep crust. A smaller crustal thickness of about 50 km occurs beneath the low elevations of the Hexi corridor at the northern end of the profile. The present-day mantle suture, the point where the south-dipping structure representing the top of the currently subducting ALM meets the Moho (Fig. 11d) , occurs at about 38.4
• N about 100 km south of the Qilian Shan frontal thrust at the surface. A positive converter associated with this suture can now be traced dipping down to the south from 70-80 km depth at 37.8-37.9
• N and then on the Lhasa to Golmud traverse, including the INDEPTH IV profile, further to the south (Kind et al. 2002; Zhao et al. 2011) . Beneath the Qilian Shan profile, this converter is seen only in higher-frequency receiver function images and is interpreted to mark the base of an approximately 5-km-thick anisotropic layer at the top of the ALM which is being subducted at the present-day. The caveat to this interpretation is that this converter is due to highfrequency scatterers out of the plane of the profile or multiples of high-frequency scatterers in the crust. High-frequency scatterers off the profile are difficult to identify due to the linear array geometry of the deployment. The lithosphere-asthenosphere boundary (LAB) of the Asian Plate deepens southwards from 12 to 14 s (105-125 km depth) at the northern end of the S receiver function profile to about 19 s (170 km depth) at the southern end of the profile (Fig. 5) . At the southern end of the profile evidence for the LAB of a separate Tibetan Plate at 12-13 s (105-115 km depth) can be seen (Fig. 5) . The image of the 410 and 660 km discontinuities at 400-410 and 650-660 km depth, respectively is extended further north than was shown by previous studies. A possible increase in temperature in the upper mantle (Kind et al. 2002 ) is confined to the northern part of the high plateau and lower upper-mantle temperatures similar to those beneath southern Tibet occur beneath the Qaidam basin and Qilian Shan.
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